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Abstract Shock wave emission induced by intense laser
pulses is investigated experimentally. The present work
focuses on the conditions of shock wave emission in glyc-
erine and distilled water during the first bubble collapse.
Experimental investigations are carried out in liquids as a
function of temperature and viscosity. Comparison is made
with the theoretical work of Poritsky (Proc 1st US Natl
Congress Appl Mech 813–821, 1952) and Brennen (Cavi-
tation and bubble dynamics, Oxford University Press 1995).
To the best knowledge of the authors, this is the first experi-
mental verification of those theories.
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1 Introduction

The first investigations of the viscosity influence for the
occurrence of an initial shock wave in liquids were carried
out more than 50 years ago by Poritsky [1], Zababakhin [3],
and 20 years ago by Brennen [2]. As a result, it was shown
that the shock wave vanishes in liquids with a sufficiently
high viscosity such as glycerine. Moreover, the numerical
and experimental investigation of Hegedűs et al. [4] revealed
that the formation of shock waves depends not only on the
instantaneous Mach number, but also on the suitably defined
instantaneous Reynolds number Re = r(t)ṙ(t)/ν, where
r(t) is the time-dependent bubble radius and ν is the kine-
matic viscosity.

Due to the rapid decrease of the viscosity in liquids with
increasing temperature, the viscosity influence is restricted to
low temperatures for liquids. On the other hand, Brennen [2]
found that the bubble and shock wave dynamics are mainly
influenced by the vapor pressure if the temperature T1 for the
liquid is approximately 70–80 % of the boiling temperature
Tb. In their study of laser-induced cavitation bubbles, Akha-
tov [5] suggested that a small amount of the non-condensable
gas in a bubble may have a large influence on the bubble
dynamics. The non-condensable gas in the bubble originates
from plasma recombination phenomena and chemical reac-
tions during the bubble development within a surrounding
liquid. Lauterborn and Kurz [6] have investigated the bub-
ble dimension applying a shadow method. In this present
study, applying a purpose-built laser shadowmethod (LSM),
a continuous measurement of the bubble dimension is possi-
ble and the exact timing of the emitted shock waves can be
determined [8].

In this experimental setup, the spatial resolution is
0.01 mm, the temporal resolution is defined by the response
time of the PIN diode which is 20 ns.
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Fig. 1 Experimental setup. a sketch, b image

Lauterborn et al. [7] have investigated the influenceof tem-
perature on laser-induced bubbles. The present experiments
have been extended to a great degree, so that the temper-
ature and viscosity influence on the laser-induced bubbles,
especially the collapse shock waves, are investigated system-
atically.

In real applications, such as the rapidly developing field
of ultrasonic technology, the generated shock waves of a col-
lapsing bubble can be used in many ways, e.g., to reduce the
molecular weight of polymers [9], to increase the efficiency
of heterogeneous catalysis [10] or to mix two immiscible
liquids producing highly stable emulsions [11].

2 Experimental setup

Figure 1 illustrates the experimental setup. A Q-switched
frequency-doubled Nd:YAG laser pulse (in z-direction) is
focused into the middle of a 40 mm × 40 mm × 40 mm
quartz cuvette (Fig. 1a) or in a steel container with con-
trollable temperature and pressure (Fig. 1b), respectively.
The laser parameters are: laser fluence 90 kJ/cm2 (in focus),
pulse duration 6 ns, wavelength 532 nm (Solo III PIV 15,
New Wave Research). Bubble evolution is observed by a
CCD camera (SensiCam, PCO, placed on a microscope).
The shock wave after the optical breakdown, the expand-
ing or shrinking bubble, the collapse shock waves and the
bubble rebound can be displayed by the laser (HeNe) inten-
sity modulation. The laser intensity modulation is measured
by a PIN diode, thus it is proportional to the voltage modu-
lation of the PIN diode (refer to Koch et al. [8] for a detailed
description of the method).

A sketch of the detailed view of the measurement method
can be seen inFig. 2. The bubble has been centered in themid-
dle of an expanded HeNe laser beam which has a Gaussian

Fig. 2 Principle of the laser shadow method (LSM), detailed view

intensity distribution. Because of the smaller index of refrac-
tion of the bubble (n ≈ 1), it acts like a diverging lens. The
refraction angle is
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nl and nb are the refractive indexes of the surrounding liquid
and the bubble, respectively. y is the distance between the
central axis (through bubble center) and the incident beam.
r is the bubble radius. Most of the refracted beams penetrat-
ing the bubble will be blocked by the aperture. But at very
small refraction angles θ < θa, the beam can reach the diode
(bubble light leakage), which leads to an error in the deter-
mination of the bubble volume. The limiting angle θa can be
calculated from (1) as: θa = ( nlnb

− 1) yar if ( nlnb
)2(

y
r )2 << 1.

Because θa = arctan(ra/A) ≈ ra/A (refer to Fig. 2 and [8]),

ya
r

= 1

A

1
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n − 1

(2)

In the current investigation: A = 800 mm, ra = 0.5 mm,
nw = 1.33 and n ≈ 1 which leads to ya

r ≈ 0.0038. The error
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depends inversely on the distance A. Since A is sufficiently
large in this experiment, the error is very small, even for the
case of a small bubble volume. However, right before the
bubble collapses, nb may increase rapidly because the vapor
inside the bubble cannot condense fast enough, therefore ya

r
from (2) increases. The time-dependent bubble radius ratio
r(t)/r0 = z(t) can be calculated as a function of diode volt-
age ratio Ud(t)/U0 = ud(t) in which r0 is 1/e2 of the laser
beam radius (Gaussian distribution) and the maximum diode
voltage (without a bubble) is U0.

z =
{
−1

2
ln[e−2z2a (1 − ud) + ud]

} 1
2

(3)

When ud approaches 1, z will approach 0. When ud
approaches 0, z will approach za with za = ra

r0
.

3 Experimental results

3.1 Recorded signals

Figure 3 shows the evolution of the laser-induced bubble. The
traces are obtained from the LSM-measurement. The images
displayed with each graph are the corresponding shadow
contours recorded with a CCD camera. This camera was
illuminated by a flash provided by a 1µs spark lamp or a
separate 6 ns Nd:YAG laser, respectively, while a small frac-
tion of theflash is also detected byLSMwhose trace precisely
indicates the point in time where the CCD image is taken.
The advantage of the LSM-registration can be clearly seen
in Fig. 3a. One measurement provides full information on
the equivalent spherical bubble dimension, the exact posi-
tion of the initial and the collapse shock waves as well as
the (spherical) bubble dimension during the collapse and the
rebound phase. CCD images in Fig. 3b–d show the bubble
cross section (b) before, (c) during and (d) after bubble col-
lapse, respectively. The cross sections (CCD images) are no
longer spherical near the collapse phase. LSM automatically
interprets the real bubble cross section as an equivalent spher-
ical cross section which is without any influence on the exact
time position of the collapse shock wave. The emitted shock
wave is visible as a very sharp peak in the signal (Fig. 3a–d).

3.2 Dependence of the initial and collapse shock waves
in glycerine on the temperature and pressure

In glycerine, experiments have been conducted in the temper-
ature range from 20 to 110 ◦C (T1 at constant pressure) and in
the initial pressure range from 400 to 1050 mbar (P1 at con-
stant temperature). In Fig. 4, the results of different pressures
or different temperatures are presented, respectively.

Collapse shockwaves are only visible for T1 > (30–34 ◦C),
depending on initial conditions (P1 = 1 bar, cf. Fig. 4b).
It has been observed that a decrease of the initial pres-
sure always leads to a prevention of collapse shock waves.
In Fig. 4b, the liquid temperature has been changed from
T1 = 30 ◦C to T1 = 35 ◦C (P1 = 1 bar) and immediately a
collapse shock wave appears which becomes even stronger
with increasing temperature up to T1 = 110 ◦C, which is
the highest temperature in the present investigation. It was
observed that the initial shock waves generated by the laser-
induced breakdown are always present under these pressure
and temperature conditions.

3.3 Dependence of the collapse shocks in water on the
initial temperature T1

Due to the low viscosity values in distilled water, collapse
shock waves are expected to occur. In particular, this is the
case if T1 < 75 ◦C. Referring to Fig. 5a, the collapse shock
waves become weaker, as the temperature increases from
T1 = 24 ◦C to T1 = 40 ◦C. For T1 ≥ 75 ◦C, the bubble
rebounds without a collapse shock. Furthermore, the col-
lapse bubble radius increases with increasing T1 (Fig. 5a).
Figure 5b illustrates the details of the temporal position (see
dotted arrow) between the LSM and the CCD image for cap-
turing the shock wave and cavitation bubble.

3.4 Fit of the bubble distribution

To simplify further analysis, the experimental data of the
bubble radius evolution has been fitted by a simple analytical
relation.

r ∼= rmax ·
[
cos

(
π

2
· t

t2

)]α

(4)

with rmax the maximum bubble radius, t2 ≈ tcol the collapse
time, α is a fit parameter. t2 is the theoretical time t (r →
0), which is approximately tcol. Because experimentally the
bubble radius r is not 0 at the collapse, t2 cannot be equal
to tcol. The fitted curves in Fig. 6 agree very well with the
experimental values. The bubble wall velocity and the wall
acceleration (i.e., ṙ and r̈ ) can be derived from (4) .

The experiments in water and in glycerine yield the fol-
lowing results for α (refer to Fig. 6 from t = 0 to t = tcol):

α < 0.4 collapse shock waves occur;
α > 0.4 no collapse shock waves present.

α = 0.4 can be directly deduced from the Rayleigh–Plesset
equation, when the effects of viscosity, non-condensable gas
and surface tension are all neglected [12].
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388 W. Garen et al.

Fig. 3 LSM-measurements and shadow images in glycerine (dimen-
sionless bubble radius normalized to maximum radius). The cor-
responding images are taken a at the maximum bubble radius,

b approximately 9µs before bubble collapse, c approximately 0.5µs
before bubble collapse, d approximately 1.2µs after bubble collapse

Fig. 4 LSM-measurements in glycerine, laser pulse energy∼= 10 mJ. Results from a the pressure variation experiments, b the temperature variation
experiments
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Shock wave emission during the collapse of cavitation bubbles 389

Fig. 5 Investigation of collapse shock waves in water: a time depen-
dance of the bubble radius for different initial temperatures T1, b details
of the bubble radius as well as the temporal position of the shock wave

and the bubble rebound. The sensitivity is increased by the reduction of
aperture radius ra

Fig. 6 Bubble radius r as a function of time t ; experimental data and corresponding fits (red curves). a Water, b glycerine

Furthermore, assuming t is close to the collapse time tcol,
one may deduce:

r ∼= rmax ·
(
t − tcol
tcol

)α

(5)

In Fig. 7a the bubble wall velocities in distilled water
(T1 = 75 ◦C) have been calculated as a function of the bubble
radius r , whereas Fig. 7b shows similar results for glycerine
(T1 = 30 ◦C). The plots of the velocity as a function of
bubble radius show that the bubble trajectory consists of a
shrinking loop. Furthermore, no gap in the shrinking loop is
observed, which means there is no detectable collapse shock
wave. Of course, this depends on the sensitivity of the LSM.
Note that the LSM is able to detect a pressure wave as weak
as Ms ≈ 1.0002, where Ms is the Mach number (refer to
Appendix 1).

Figure 8a shows the smoothed curve of bubble radius as
a function of time (each displayed data point is an average
of 6 individual measurements under the same conditions;
this is highly reproducible). Figure 8a has an average error
of 6 % for rmax and up to 20 % for rmin. The black

curve in Fig. 8b is the first derivative of Fig. 8a, while
the smooth red curve is obtained from all individual mea-
surement points (in contrast to the black curve where the
derivative is calculated from the averaged data points in
Fig. 8a, for the red curve all individual data points are taken
into account for the calculation of the derivative, which is
subsequently averaged over 20 data points; this leads to a
much smoother result). In Fig. 8c the smoothed velocity is
plotted as a function of the bubble radius. In contrast to
Fig. 7 (T = 75 ◦C), Fig. 8 shows the experimental results
for T = 80 ◦C. Since 80 ◦C is sufficiently higher than the
limit of 75 ◦C for water, it is ensured that no shock wave
appears.

4 Theoretical interpretation

From the present measurements, the behavior of collapse
shock waves in liquids can be summarized as follows:

1. Lower temperature range For liquids with high viscos-
ity and low vapor pressure such as glycerine, the bubble
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Fig. 7 Bubble wall velocity as a function of bubble radius. a Water, T1 = 75◦C, b glycerine, T1 = 30◦C

Fig. 8 Cavitation bubble development in water at 80 ◦C: a bubble radius as a function of time, b bubble wall velocity as a function of time,
c bubble wall velocity as a function of radius

rebounds in the collapse phase without an emitted shock
wave.

2. Higher temperature range When the vapor tempera-
ture approaches the boiling temperature, bubble rebound
takes place without an emitted shock wave.

Consequently, the key parameters for a collapse shock to
occur are the liquid viscosity and the liquid vapor pressure,
both of which strongly depend on the temperature T1.

Two temperature regions seem to be well-defined.

1. The lower temperature range was theoretically investi-
gated by Poritsky [1]. He introduced the dimensionless
number:

μ∗ = 4μ

rmax

√
ε
p1−pv1

ρ1

, (6)

where μ is kinematic viscosity, rmax is maximum bubble
radius, ε is 1 for a bubble collapse, ε is −1 for a bub-
ble expansion. Both bubble expansion and collapse are
slowed down by viscosity. Poritsky [1] found that if μ∗
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is larger than approximately 0.46, the collapse time tends
to be infinitely long.
In the present investigation, the lowest temperature T1
investigated for glycerine was 30 ◦C which results in a
dimensionless number of μ∗ ≈ 0.21. This is a critical
number μ∗

cr for the existence of collapse shock waves
with the following relevance: Ifμ∗ > μ∗

cr, collapse shock
waves are present. But if μ∗ < μ∗

cr, no collapse shock
wave occurs.
Although this criterion has been proven for glycerine
only, it is expected to be valid for other liquids with a
sufficiently high viscosity. Otherwise for a low viscosity
liquid such as distilled water, the critical valueμ∗

cr cannot
be reached. Moreover, the dimensionless number μ∗ can
also be used as a criterion for the existence of collapse
shock waves in the higher temperature range. In Fig. 9a
the curves have a minimum value at T1 ≈ 78 ◦C (water)
and T1 ≈ 249 ◦C (glycerine). Again, the temperature T1
that corresponds to the minimum of μ∗ for water agrees
very well with the experiments where the collapse shock
waves (in water) disappear (Fig. 5a).

2. The results for the higher temperature range can be
interpreted with the help of the calculations by Bren-
nen [2] who analyzed thermal effects by introducing the

parameter Σ = (pv·L)2

ρ2
l ·cpl√αl

as well as a “critical time”

tcr = p1
(
1− pv

p1

)

ρ1Σ2 (L is the latent heat of evaporation, cpl
is heat capacity of the liquid, and αl is liquid thermal
diffusivity).
In Fig. 10a the “thermodynamic parameter” Σ has been
calculated for water and glycerine and Fig. 10b shows
the “critical time” tcr which is normalized to the bubble
collapse time tcol. Both Σ and tcr depend only on tem-
perature and change by several orders of magnitude. For
water the theoretical time ratio becomes tcr/tcol ≈ 1 for a
temperature of T1 ≈ 60–80 ◦C.Our experiments in water
show the same temperature range T1 ≈ 75 ◦C, where the
collapse shock waves disappear.
For glycerine the appropriate temperature T1 should be
around 250 ◦C (Fig. 10b), which could not be proven
experimentally since the liquid of glycerine becomes
unstable.

Fig. 9 a Dimensionless number μ∗ as a function of temperature T1. b μ∗
water as a function of the vapor pressure ratio. Thicker lines represent the

experimental range

Fig. 10 Thermodynamic parameter Σ : a ratio of critical time and collapse time, b for water and glycerine as a function of the initial temperature
T1
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T1cr corresponds to the minimum of μ∗. Or in other
words, T1cr indicates the point where

dμ∗
dT1

equals 0.
In the higher temperature range, when T1 is higher than
T1cr, there is no collapse shock.
Figure 9b shows that μ∗

water depends on the vapor pres-
sure ratio. The minimum value also corresponds to T1 ≈
78 ◦C.
It is expected that both criteria, which have been proven
independently in glycerine (first criterion) andwater (sec-
ond criterion), should be valid for other liquids as well.
Further investigations on liquids of different viscosities
will be carried out in the future.

5 Conclusion

Within the present experiments, the conditions for the occur-
rence of collapse shock waves with a laser-induced bubble
have been investigated experimentally. The results can be
summarized as follows:

1. For glycerine, a liquid with a high viscosity (at low
temperatures), it tends toward a rebound without emit-
ting a shock wave if the liquid temperature is less than
30 ◦C. For higher temperatures T1 > 35 ◦C, the viscosity
decreases rapidly and collapse shocks are present. This
is consistent with the theory of Poritsky [1].

2. For water, at higher temperature, where the vapor pres-
sure of the liquid becomes important, the bubble rebound
takes place without a collapse shock. This has been
demonstrated in distilled water.
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Appendix 1: Estimation of the sensitivity of theLSM

From Fig. 11 the refraction angle ε can be calculated as:

sin(ε) = 1

1 + Δn
nw

y

R

√(
1 + Δn

nw

)2

−
( y

R

)2
(7)

When y
R = 1 there is the maximum refraction angle εmax.

sin(ε) = 1

1 + Δn
nw

√(
1 + Δn

nw

)2

− 1 ≈ εmax (8)

Fig. 11 Refraction of the incident beam by a spherical shock wave in
water. The index of refraction for water is nw = 1.33; the index of
refraction behind the shock wave is nw + Δn(t) = ns(t, Ms)

If εmax ≥ ra/A (acceptance angle of the diode, refer to
Fig. 11), the illumination of the diode will be affected by the
shock wave refraction.

For water, the sensitivity (in terms of the weakest
detectable pressurewave) of the experimental setup in Fig. 11
can be determined by solving the Lorentz–Lorenz equation
(9), a lithotripter equation (10) and the Tait equation (11).

The Lorentz–Lorenz equation is

n2 − 1

n2 − 2
= K (λ)ρ, (9)

where K (λ) = n20−1

n20−2
1
ρ0
.

An equation obtained by the shock wave physics of
lithotripters [12] is

M2
s = r

n

rn − 1

r − 1
, (10)

where r = ρ
ρ0

= 1 + Δρ
ρ0

.
The Tait equation is

P = B

[(
ρ

ρ0

)n

− 1

]
, (11)

where P is the pressure. B and n are constants. Bwater =
3000 bar and nwater = 7.15 (it is not the index of refraction!).

Thus, the sensitivity of the measuring arrangement can be
estimated:

Δρw

ρw min
≈ 3.7

⎡
⎣ 1√

1 − ( ra
A

)2 − 1

⎤
⎦ (12)

and

M2
s = 1 + Δρw

ρw

7.15

(1 + Δρw
ρw

)7.15 − 1
Δρw
ρw

(13)
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With ra = 0.5 mm and A = 500 mm, one obtains
Δρw
ρw min

≈ 5.56 × 10−6 and Ms ≈ 1.0002

Appendix 2: Role of the non-condensable gases

In this appendix, we discuss the role of the non-condensable
gases for collapsing bubbles. It should bementioned that, our
investigation is focused on extreme initial conditions.

In the case of water, a vapor-filled bubble with an ini-
tial radius of R1 = 1.12 mm and an initial vapor pressure
of Pv1 = 385 mbar (T1 = 75 ◦C) shrinks to a bubble with a
minimal radius of 0.2 mm and “rebounds” with a closed loop
into a new expanding bubble. Although the present measure-
ment method is very sensitive to density gradients, no shock
is detected (the bubble does not collapse , even though there
might be a weak pressure wave which emits into the liquid).
On the contrary, the experiments in water with an initial tem-
perature T1 < 75 ◦C always show a weak collapse shock
wave.

From the experimental results [refer to Fig. 13 (left) and
Fig. 12 (left)], dR/dt and d2R/dt2 were calculated and

the bubble pressures P(t) were obtained by applying the
Rayleigh–Plesset equation (14):

P(t) − P1 = ρ1

[
RR̈ + 3

2
Ṙ2

]
+ 2σ

R
+ 4η

Ṙ

R
(14)

with surface tension σ , viscosity η, liquid density ρ1 and
ambient pressure P1. This yields a maximum bubble pres-
sure Pmax ≈ 125 bars for glycerine (Fig. 12, right) and
Pmax ≈ 113 bars for water (Fig. 13, right). Assuming that a
non-condensable gas (mainly air) results in Pmax, the corre-
sponding initial pressure P(0) can be calculated for glycerine
and water, respectively.

1. For glycerine: The non-condensated water vapor and air
are responsible for the deceleration of the bubble wall during
the (shockwave free) reboundwithout the bubble-collapsing.
Since the water vapor pressure at 30 ◦C is negligibly small
(P(0)vap < 1 mbar), non-condensated air must be present.
The initial gas pressure P(0)gas inside the bubble (assuming
an adiabatic process), as the bubble shrinks from R0 to Rmin,
can be calculated by the following equation:

Fig. 12 Temporal development of the bubble radius R (left) and the pressure P(t) − P1 (right), for glycerine

Fig. 13 Temporal development of the bubble radius R (left) and the pressure P(t) − P1 (right), for water
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P(0)gas = Pmax

(
Rmin

R0

)3γ

(15)

with the ratio of specific heat γ = 1.4, Rmin = 0.08 mm
and R0 = 1.03 mm. Thus P(0)gas ≈ 2.7 mbar. This is an
acceptable value for the partial pressure of a non-condensable
gas (mainly air) in glycerine at T1 ≈ 30 ◦C, whereupon this
initial pressure might be the sum of partial pressures of air
and water vapor because glycerine is hygroscopic.

2. For water: the situation is different from that of glycerine.
At the initial temperature T1 ≥ 75 ◦C, there is a relatively
high initial vapor pressure P(0)vap = 385 mbar. However,
the initial pressure of a non-condensable gas is low. If we
assume a non-condensable gas (air and some small fraction
of the non-condensated water vapor) stops the bubble wall
at the minimum bubble radius, the required initial pressure
can be calculated by the relation (15) with Rmin = 0.2 mm,
R0 = 1.12 mm. Thus P(0)gas ≈ 81 mbar.

The maximum partial initial pressure of air in water for
T1 = 50 ◦C is P(0)air ≈ 5.7 mbar [13] and for T1 = 75 ◦C is
even lower. It is comprehensible that the bubble shrinking is
stopped by the remaining compressed water vapor inside the
bubble which cannot condense fast enough before the bubble
reaches the minimum volume [14,15]. The main reasons for
this may be the increasing wall velocity and the decreasing
bubble surface area which prevent the transport of the latent
heat from the condensed vapor to the water surface.
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